We have investigated the structures of U(VI) oxides precipitated from room temperature aqueous solutions at low ionic strength as a function of pH. Using the uranium Lm-edge extended Xray absorption fine structure (EXAFS) and infrared (IR) spectroscopies as probes of the local structure around the uranium, a trend is observed whereby the axial oxygen bond lengths from the uranyl groups increase from 1.80 A at pH = 7 to 1.86 A at pH = 11. Shifts in the IR spectral frequencies support this assignment. A concomitant decrease in the equatorial oxygen and nearest-neighbor uranium bond lengths also occurs with increasing pH. Expansion of the linear 0=U=0 group is seen directly at the L m absorption edge where multiple scattering resonances systematically shift in energy. EXAFS curve-fitting analysis on these precipitates and a sample of synthetic schoepite indicate that the structure of the species formed at pH = 7 is similar to the structure of schoepite. At pH = 11, the precipitate structure is similar to that of a uranate.
Introduction
Understanding the migration properties of radionuclides in the environment is vital for developing safe and effective long-term methods for the storage of nuclear materials. To accurately model radionuclide migration, it is important to identify the source terms and determine their speciation (i.e., thermodynamics, redox properties, molecular structure). This task becomes more difficult when the primary source term has the propensity to transform into a secondary phase which effectively becomes the solubility-controlling solid. Spent nuclear reactor fuel is one such example where in an oxidizing environment, U0 2 transforms [1] [2] [3] [4] into UO| + -containing solid phases, i.e., U0 2 (0H) 2 • H 2 0 (schoepite). For the uranyl ion, U0 2+ , the solubility equilibria and the corresponding controlling solids depend on the ionic strength and the type of medium, temperature, and pH. In this report, we describe a systematic study of the structures of uranium(VI) oxides that are formed in dilute sodium sulfate solutions as a function of pH.
Numerous structural determinations have been made on uranium(VI) oxides [5] [6] [7] [8] [9] [10] , hydroxides [11, 12] and alkali metal uranates [10, 13 -15] . In contrast, the structure of the hydrated oxide, U0 2 (0H) 2 · H 2 0, has been studied by X-ray diffraction (XRD), but atomic coordinates have yet to be determined [16] [17] [18] [19] [20] [21] , The difficulty in obtaining a detailed structure by XRD for natural as well as synthetic schoepite polymorphs most likely arises from the tendency towards amorphous structures in these materials, owing to the variability in the degree of hydration. With the advent of X-ray absorption fine structure (EXAFS) spectroscopy, it is possible to determine local structure around almost any atom even when long-range order does not exist. As a result, we have sought to determine the structure of synthetic schoepite along with solids that are precipitated from dilute sulfate solutions as a function of pH using EXAFS.
Experimental

Sample preparation
All solutions were prepared using C0 2 -free, doubledistilled and deionized water from a Millipore Corp. purification system. The chemicals used were U0 2 (N0 3 ) 2 · 6 H 2 0(S), HCl, NaOH(s), NaCl(s) (Merck, analytical grade), and Na 2 S0 4 (s) (EM science, ultrapure grade). The pH measurements were made with an Orion Model 611 pH meter and an Orion 8103 BN electrode. Stock solutions of 238 U were made by dissolving an appropriate amount of uranyl nitrate in concentrated HCl (12 Μ) and were purified from daughter activities using an anion exchange column. The titrations and subsequent precipitation reactions were carried out in an argon (Ar)-filled, C0 2 -free glove box. Schoepite was precipitated from a supersaturated solution of 0.1 mM uranyl ion in 0.1 Μ hydrochloric acid by addition of 1.0 Μ NaOH and was kept at pH = 7 [22] , The XRD pattern obtained for the precipitated yellow solid matched that of metaschoepite which has been reported in the literature [18, 23] .
A second series of precipitation reactions was carried out as a function of pH using a uranium stock solution consisting of 0.1 Μ uranyl ion in 1.0 Μ hydrochloric acid. 0.6 ml aliquots of this solution were added to three 100 ml portions of a 1.0 mM Na 2 S0 4 solution. The pH of each mixture was adjusted with 1.0 Μ NaOH to the values of 7.2, 9.1, and 10.6. The final concentrations of each ionic species in solution were: [UOT] = 0.6 mM, [CI"] = 6mM, [SOS -] = 1 mM, and [Na + ] = 50 mM. The solutions were gently stirred with an Orbit shaker for 9 weeks. At the end of this period, the experiment was stopped and the pH values were remeasured at 7.2, 8.2, and 11.4. The precipitated solids (-10 mg each) were recovered by pressure membrane filtration and allowed to dry under atmosphere. The colors of the solids ranged from yellow at pH = 7 to orange at pH = 11.
EXAFS and FTIR data acquisition
Approximately 5 mg of the precipitates (labeled as pH-7, pH-9, and pH-11) were mixed with boron nitride (BN) powder and placed in 1.5X20 mm slots cut out from 1.5 mm thick polyethylene frames. The samples were sealed in the slots with Kapton tape which served as X-ray transparent windows. The schoepite sample was prepared in an analogous manner using an aluminum holder (for low-temperature measurement). The resulting U cross-section in these mixtures yielded an edge jump ~1.0 across the uranium L ra absorption edge. Uranium L ra -edge X-ray absorption spectra were collected at the Stanford Synchrotron Radiation Laboratory (SSRL) on wiggler beamline 4-3 (unfocused) under dedicated ring conditions (3.0 GeV, 50-100 mA) using a Si (220) double-crystal monochromator. All spectra were collected in the transmission geometry using argon-filled ionization chambers and a vertical slit of 0.5 mm. The pH-7, pH-9, and pH-11 samples were measured at room temperature, and schoepite was measured at 20 Κ using an Oxford Instruments continuous-flow liquid helium cryostat. Rejection of higher order harmonic content of the beam was achieved by detuning Θ, the angle between crystals in the monochromator, such that the incident flux was reduced to 50% of its maximum (>95% harmonic is rejected). Three EXAFS scans were collected from each sample, and the results were averaged. The spectra were energy calibrated by simultaneously measuring the spectrum from a reference solution of 0.2 Μ U0 2 C1 2 which was placed between the second and third ionization chambers. The first inflection point of the absorption edge for the reference was defined as 17166 eV. The EX-AFS data were extracted from the raw absorption spectra by standard methods described elsewhere [24] using the suite of programs EXAFSPAK developed by G. George of SSRL. Non-linear least squares curvefitting analysis was done using EXAFSPAK to fit the raw ^-weighted EXAFS data.
The theoretical EXAFS modeling code, FEFF6, of Rehr et al. [25] was employed to calculate the backscattering phases and amplitudes of the individual neighboring atoms for the purpose of curve-fitting the raw data. All of the interactions modeled in the fits were derived from FEFF6 single or multiple scattering paths (SS or MS) calculated for the model compound, a-U0 2 (0H) 2 [11] . The relevant paths that FEFF6 calculates for this model compound are SS U-Ο (axial), 
SS U-0 (equatorial), MS O-U-O (4 legged path)
, and SS U-U. The MS interaction occurs at ~3.6 A and is derived from a path along the O-U-O vector which is twice the U-0" distance. This was included in the fits as a parameter linked directly to floating bond lengths (R) and coordination number (AO values of the axial oxygen shell [26] . The amplitude reduction factor, SI, was held fixed at 0.9 for all of the fits. The shift in threshold energy, AE 0 , was allowed to vary as a global parameter for the Ο and U atoms in each of the fits (i.e., a single value of AE 0 was used for all the Ο shells and another AE 0 was used for the U shells). Fourier-transform infrared (FTIR) absorption spectroscopy was performed with a Mattson Galaxy FTIR Series 5000 system over the range of 3000 to 300 cm" 1 . 5 mg of each sample was finely ground, mixed with KBr, and pressed into 13 mm diameter disks. A pure disk of KBr was used as a reference sample. Figure 1 shows the raw ^-weighted EXAFS data for pH-11, pH-9, pH-7, and schoepite. Upon initial inspection, all of the spectra are quite similar and show good signal-to-noise which extends the useful range of the data out to k ~ 15 A" 1 . The low-& region is dominated by a low frequency oscillation which arises from back-scattering of the oxygen atoms in the uranyl group, while at high-&, the spectra show a high frequency pattern emerging which at this level can be attributed to the presence of more distant atoms having a large cross-section (i.e. uranium). However, closer inspection of the fc-space plots reveals several differ- ences among the data. Specifically, the pH-11 and pH-9 samples show a strong resemblance in their high-Λ fine structure which is different than the fine structure observed for the pH-7 and schoepite solids. The difference is particularly apparent at k = 15 A -1
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where the oscillations in the pH-11 and pH-9 samples are π (180 degrees) out of phase with the oscillations in the pH-7 and schoepite samples. In contrast, the oscillations at high-fc for schoepite are in phase with pH-7, although they are more pronounced and better resolved in schoepite as a result of thermal damping (schoepite was measured at 20 K). The trends noted in the fc-space data are more apparent in the /?-space plots of the Fourier transformed EXAFS spectra shown in Figure 2 . The Fourier transforms (FTs) represent a pseudo-radial distribution function of the uranium near-neighbor environment, and the peaks appear at lower R values relative to the true near neighbor distances as a result of the electron scattering phase shifts which are different for each neighboring atom (a = 0.2-0.5 A). The FTs illustrate that the EXAFS spectra are dominated by backscattering from the Ο atoms of the linear υθ| + group (peak at 1.30 A) [26] [27] [28] [29] [30] , Backscattering from the Ο atoms lying in the equatorial plane of the UC>2 + ion is observed in the pH-7 and schoepite data sets as shown by the pattern of FT peaks centered around 1.90 A. Moving from pH-7 to pH-11, a structural transformation is observed in the precipitates as the 1.30 A peak broadens, shifts to higher R, and the pattern in the equatorial Ο region is lost. In addition, all of the spectra exhibit a feature(s) at ~3.6 A, which is attributed to backscattering from more distant U neighbors. Low Ζ atoms are not normally detected at R >3 A, unless a multiple scattering enhancement of the amplitude is present. Examples of this have been ob- served when ligands like carbonate or nitrate adopt a symmetric bidentate geometry with the distal Ο atom being collinear with the absorbing atom and the C or Ν atoms [26, 31] , However, this type of configuration is not possible in our samples since nitrate and carbonate were not present in the preparations. Accompanying the changes observed for the oxygen atoms, the positions of the U peaks shift to lower R upon going from pH-7 to pH-11. Non-linear least squares curve-fitting was done over the range 3-15 A" 1 on the raw EXAFS data to examine the nature of the structural transformations more quantitatively. The corresponding fits are shown in Figures 1 and 2 , and the bond lengths and coordination numbers are summarized in Table 1 . Although these samples may contain a mixture of phases (EXAFS detects average structure), the structural differences and similarities are easily discerned. The sample ςΗ-7 closely resembles schoepite with ~2 Ο at 1.80 A, a split shell of ~4 equatorial ^ atoms at 2.26 A and 2.48 Ä, and ~1 U at 3.87 A. Schoepite also shows ~1 U at 4.53 A, the detection of which is likely due to a more homogeneous sample as well as the low temperature measurement (which reduces thermal damping). As the pH of the precipitation reactions increases from 7 to 9 and 11, the axial oxygen bond lengths increase to 1.84 A and 1.86 A, respectively, while the equatorial bond lengths remain split and, on average, show a decrease. The inverse relation between axial and equatorial Ο bond lengths has been observed for a variety of uranium(VI) compounds previously [32] , The shell of U atoms becomes split at Energy (keV) Fig. 3 . Normalized U L,"-edges measured from experiment (A) and calculated from theoretical models (B) for oxide precipitates pH-7, pH-9, and pH-11. The energy shifts of the near-edge resonances are characteristic of changes in the UO" bond lengths as described in the text.
pH-9 and -11, with ~1 U at 3.71 A and U at 3.92 Ä (pH-9) and 4.21 A (pH-11). All of the structural trends observed in the FTs are confirmed by the curve-fitting results.
X-ray absorption near-edge structure (XANES)
The normalized U L ra -edges for pH-7, pH-9, and pH-11 are shown in Figure 3 A. The primary absorption peak at 17.17 keV is associated with an allowed 2p -> 6d transition. The shoulder that appears at ca. 17.18 keV has been observed in the L", XANES of numerous U(VI) oxides [33] [34] [35] [36] , where it has been proposed to originate from MS resonances that are associated with the relatively short U-0 bond interaction of the uranyl group. This assignment has been confirmed more recently by detailed XANES calcu- lations using FEFF6 [37] , As the pH increases, the position of the MS resonance systematically shifts to lower energy. This behavior follows the inverse relation observed in earlier studies between the positions of MS resonances and bond lengths [38, 39] . The U L m XANES for pH-7, pH-9, and pH-11 were modeled using FEFF6 and the structure from the model compound a-U0 2 (0H) 2 [11] , The calculations were done using a 5 A radius cluster with the uranium atom at the center. Different atomic potentials were used for the axial and equatorial oxygen atoms due to their substantially different environments. The U and Ο potentials were then automatically overlapped, and a 3 eV correction was applied to the relative position of the Fermi level. In order to simulate the shifts in the position of the MS resonance, the U-O axial bond lengths were varied using the values obtained from the EXAFS curve-fits, 1.80 A, 1.84 Ä, and 1.86 A. The results of the simulations are shown in Figure 3B . As can be seen, the calculations are quite accurate at simulating both the MS resonance shape and its energy shift as a function of pH. In addition, the calculations also adequately model the shift in the peak at 17.21 keV. Similar results are obtained when the changes in the positions of the equatorial atoms are included, verifying that scattering from the axial oxygen atoms is the primary origin of the observed effects. Thus, the U XANES also serves as a probe for following structural change in these precipitates.
Infrared spectroscopy
The infrared absorption spectra of schoepite, pH-7, pH-9, and pH-11 are shown from 1400 to 300 cm" 1 in Figure 4 . All of the spectra exhibited higher energy bands (not shown) assigned to water in each sample. The spectrum of schoepite is nearly identical to that reported by Hoekstra and Siegel [19] , apart from slight reference [19] .
differences in the resolution of the respective bands. The prominent uranyl absorption band peaks from the schoepite sample are at 885 and 930 cm" 1 . These have previously been assigned to the symmetric stretching (v,) and asymmetric stretching (v 3 ) vibrations, where the appearance of a symmetric vibration in the IR occurs due to symmetry breaking by the crystal field [5] . However, the possibility of multiple phases in the pH-7, pH-9, and pH-11 samples makes the assignment of the peaks in the spectra more difficult. As a result, it is more instructive to look at the general trends displayed in the spectra. As the pH increases, there is a gradual transformation in the 930-850 cm" 1 region to the lower frequency vibration. In the pH-7 sample, the principal peak is at 910 cm" 1 , while for the pH-11 sample, the main peak appears at 865 cm"
1 . The absence of U-O vibrations above 900 cm -1 is likely to result [5, 40] from bridging of the uranyl axial oxygens to other atoms in the structure (uranyl groups are no longer "free") and may also reflect an overall lengthening of the U-0" ω bonds. The peak assigned to the deformation mode, (5(U-Ο-H), [19] follows the trend 999, 1003, and 1007 cm -1 with increasing pH which is consistent with tightening (shortening) of the equatorial Ο bonds.
Discussion
The U Oaxjai bond lengths are 1.80, 1.84, and 1.86 A in pH-7, -9, and -11 oxide samples, and the average U Oequatonai bond lengths are 2.38, 2.36, 2.32 A, respectively. These trends along with the contraction of the U-U bonds with increasing pH suggest the following structural changes. In pH-7, the local structure of the precipitated solid resembles that of schoepite [19] shown in Figure 5 , or a similar hydrated uranyl hydroxide. In pH-11, the uranyl group becomes elongated and the equatorial bonds contract as the structure more closely resembles that of an alkali metal uranate. The pH-9 sample has a structure which is intermediate between the others. The EXAFS curve-fitting results as well as the IR data support these assignments. The pH-7 precipitate possesses U-Ο bond lengths indicative of the schoepite sample reported here, while the pH-11 sample has U-O bond lengths which are closer to those found in the structural determinations of Na 2 U0 4 , [41] Na 2 U 2 0 7 , [42] and K 2 U 7 0 22 [43] .
The correspondence between the structures of pH-7 and schoepite may be explained by the nearly identical chemical conditions for each (i.e., low ionic strength and pH = 7). Apparently the presence of dilute sulfate has little effect on the structure of the precipitated solid. Although the synthesis of sodium uranates typically has been done at high temperature and in the solid state [41] [42] [43] [44] [45] [46] , it is possible to form the same structures from precipitation reactions using uranyl nitrate solutions at high pH [47] [48] [49] . Analogous to the pH-11 solid that was formed in the presence of dilute sulfate, precipitated polyuranates [48] and many of the monouranates [10] are orange in color. However, Na 2 U0 4 is hygroscopic [45] , and chemically, the formation of a polyuranate rather than a monouranate is favored in room temperature solutions at pH = 11 [48] . In fact, the IR spectra of pH-11 resembles that of Na 2 U 2 0 7 more closely than any of the monouranates [44 -46] , Furthermore, the pH-11 sample must be a hydrated form of a polyuranates since there are water bands and <5(U-Ο-H) modes in the IR. Thus, it is likely that the pH-11 sample is a hydrated uranate possibly analogous to ones reported previously (i. e., Na 2 U 3 O 10 · xH 2 0), although detailed structures with atomic positions have not been reported for these compounds [50] .
Finally, disorder seems to be the rule in these structures. The U-Ο bond lengths for the mono-and diuranates along with those of U0 2 (0H) 2 phases show that there is an extreme amount of static disorder, particularly in the equatorial plane. The presence of disorder, and the tendency towards amorphous structures is further demonstrated by the lack of reported atomic positions for these compounds (i.e., polyuranates and schoepite). The observation of a split equatorial shell is an indication of disorder in the precipitates described herein. It is possible that the equatorial shells in these samples possess more than just two discrete distances. However these were either unresolvable given the resolution of the EXAFS data, AR = 0.10 A, or did not offer a statistically significant improvement in the fit*. Despite this limitation, the EXAFS results are able to discern the structural trends in these samples. In this regard, EXAFS spectroscopy is particularly useful for extracting structural information from materials that do not exhibit long-range ordered diffraction behavior and should find increasing application to such systems. 
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